Abstract Experimental data of nitrogen adsorption (T = 77.3 K) from gaseous phase measured on commercial closed carbon nanotubes are presented. Additionally, we show the results of N 2 adsorption on compressed (using hydraulic press) CNTs. In order to explain the experimental observations the results of GCMC simulations of N 2 adsorption on isolated or bundled multi-walled closed nanotubes (four models of bundles) are discussed. We show that the changes of the experimental adsorption isotherms are related to the compression of the investigated adsorbents. They are qualitatively similar to the theoretical observations. Taking into account all results it is concluded that in the ''architecture'' of nanotubes very important role has been played by isolated nanotubes.
Introduction
Carbon nanotubes (CNTs) are materials of specific structure and properties, making them promising media for highly selective and efficient adsorption and/or transport processes (Harris 2009; Wesołowski et al. 2010) . It should be pointed out that the experimental (e.g. high-resolution transmission electron microscopy (HRTEM), adsorption porosimetry, and microcalorimetry measurements) and theoretical investigations (quantum calculations and computer simulations) indicate that the structure of these materials is, unfortunately, very complex. It is well-known that many factors should be considered, i.e. mutual position of nanotubes in the bundle, the outer and inner diameter of tubes, the number of walls, defects, an unavoidable byproducts of a typical nanotube growth process i.e. impurities, such as carbon-coated catalyst particles, graphitic and amorphous carbons, and other carbon nanomaterials (Charlier 2002; Harris 2009; Krungleviciute et al. 2004) .
It is well-known that one of the simplest methods to investigate of the porous structure of adsorbents is the measurement of adsorption isotherms of various adsorbates (Bansal and Goyal 2005; Lowell et al. 2004; Marsh and Rodriguez-Reinoso 2006; Rouquerol et al. 1999) . Typically, the low temperature nitrogen adsorption isotherms are measured and studied because much experimental evidence have been obtained in the past for nitrogen and therefore, the comparison of results is easy. A further reason is low operating cost, simplicity, and quite low time-consumption. Thus N 2 is used in most commercial surface area and porosity analyzers. On the other hand, the very important problem is the analysis/interpretation of adsorption isotherm and the calculation of the parameters related to the pore structure on the basis of the measured data (Bansal and Goyal 2005; Lowell et al. 2004; Marsh and Rodriguez-Reinoso 2006; Rouquerol et al. 1999) . It is widely accepted that computer simulations can be treated as a useful tool for this purpose (Terzyk et al. 2012a ). The process of N 2 adsorption in carbon nanotubes has been modeled since the middle of the 1990s (Maddox and Gubbins 1995) . It should be noted that more and more complicated models reproducing the structure of real carbon nanotubes (i.e. from ideal cylinders (Agnihotri et al. 2005 (Agnihotri et al. , 2006 (Agnihotri et al. , 2007 Arora et al. 2004; Arora and Sandler 2005; Furmaniak et al. 2010; Gauden et al. 2009; Harris 2009; Khan and Ayappa 1998; Kotsalis et al. 2004; Kowalczyk et al. 2005; Maddox and Gubbins 1995; Müller 2008; Ohba and Kaneko 2002; Terzyk et al. 2008; Zhang et al. 2008 ) to bundles (Alain et al. 2000; Arab et al. 2004; Furmaniak et al. 2008 Furmaniak et al. , 2009a Harris 2009; Sandler 2003, 2004; Paredes et al. 2003; Wongkoblap et al. 2009; Terzyk et al. 2012a , Yin et al. 1999 ) and tubes with defects (Agnihotri et al. 2005 (Agnihotri et al. , 2006 (Agnihotri et al. , 2007 Arora and Sandler 2007a, b; Furmaniak et al. 2009a; Gauden et al. 2009; Gauden 2010; Harris 2009; Terzyk et al. 2008; Zhang et al. 2008 ) have been applied. In the current study we try to check the influence of the compression (using hydraulic press) of CNTs on the decrease of the available pore space. Nitrogen is treated as the probe molecule. Measuring adsorption from gaseous phase we prove that the ''architecture'' is observed only at the places of tube contacts, and the isolated tubes play the most important role in adsorption. In order to verify this hypothesis, computer simulation of nitrogen adsorption of various models of CNT bundles will be investigated.
Experimental
The commercial, high purity, closed multi-walled carbon nanotubes, labeled as A-1 (Nanostructured & Amorphous Materials, Nanoamor, Houston, TX, USA) were investigated. From the analysis of data provided by producer Pacholczyk 2011 , Terzyk et al. 2012b it is seen that outer diameter (D) is lower than 8 nm. However, in the current theoretical studies we consider D = 6 nm, i.e. maximum value for the distribution of diameters obtained from the analysis of HRTEM images. Number of walls (n) is equal to 4-7 (data provided by producer Pacholczyk et al. 2011 , Terzyk et al. 2012b ) and again estimated from the microscopy analysis). The apparent BET surface area (S BET ) is equal to 446 m 2 /g. This value was calculated on the basis of low temperature nitrogen adsorption data on raw A-1 sample Pacholczyk et al. 2011 , Terzyk et al. 2012b )- Fig. 1 . To check the influence of compression on the ''architecture'' of studied nanotubes we prepared the samples of A-1 nanotubes using hydraulic press at exerting by 15 min the pressure 200, 500, and 600 atm (A-1-200, A-1-500, A-1-600, respectively). It should be noted that the assumed time of exertion guarantees the stable samples for measurements of nitrogen adsorption isotherms. In order to prepare the series of pressurized adsorbents we take only as-received CNT without drying. The pallets of nanotubes (13 mm diameter) were prepared by weighting of ca. 20 mg of material and placed in 13 mm die (Specac, Britain). All nitrogen adsorption ( Fig. 1 ) isotherms were measured at T = 77.3 K using ASAP 2010 (Micromeritics, Norcross, GA, USA) sorption apparatus. Before measurement CNT samples were outgassed in vacuum at T = 453 K.
Molecular simulation in grand canonical ensemble
We used the realistic three centre TraPPE type N 2 molecule model proposed by Potoff and Siepmann (2001) . This Fig. 2 The scheme of four theoretical models of closed bundles related to material A-1 showing the changes in the available porosity in the box with the progressive rise in the separations between tubes (Dl tube is the effective distance between two opposite tubes and l box is the size of the simulation box). Bundles were generated basing on triple-walled tube obtained from structures (72,0), (64,0) and (56,0). It should be noted that this figure and Figs. 5 and 6 were created using the VMD program (Humphrey et al. 1996) model considers not only diatomic character of N 2 molecule but also its quadrupole moment. Two of three centres corresponding with the position of nitrogen atoms are the Lennard-Jones (LJ) centres and possess point charges, while the third centre (located at a half-distance between the mentioned two) is only a point charge. Table 1 collects the values of applied interaction parameters. As was shown by Potoff and Siepmann (2001) , these values allow to satisfactorily model the properties of bulk nitrogen. The same model was also used successfully for modelling of N 2 adsorption on carbon nanotubes Wiśniewski et al. 2013) , activated carbons (Furmaniak et al. 2009b , Nguyen et al. 2008 ) and non-porous carbonaceous materials (Herrera and Do 2009) . Energy of nitrogen-nitrogen and nitrogen-CNT interactions was calculated as previously . For LJ interactions between pairs of centres we used simple truncation for distances greater than 5 9 r ij (where r ij is the collision diameter for interaction of the pair) (Frenkel and Smit 1996) . For electrostatic interaction between N 2 molecules we also used truncation but for whole molecules (Furmaniak et al. 2009b ). The energy of electrostatic interactions for pair of N 2 molecules was neglected for the distance between their centres of mass greater than 1.5 nm (at this distance the energy value is negligible).
We performed simulations for different systems of tubes (triangle, rectangular, and hexagonal packing arrangements) located at the middle of the simulation box: (i) infinitely long in one direction (series A and series B) and (iii) infinitely long in three directions (series C and series D)- Fig. 2 . Thus, four theoretical models of closed bundles related to material A-1 are compared in this figure. We considered nanotubes separated at the various effective distances: from 3.06 nm (A_3.06 (series A) or B_3.06 (series B)-see Figs. 2, 3, 5) to the adjoining tubes, 0.00 nm (A_0.00 or B_0.00-see Figs. 2, 3, 5) and from 3.50 nm (C_3.50 (series C) or B_3.50 (series D)-see Figs. 2, 4, 6) to the adjoining tubes, 0.00 nm (C_0.00 or D_0.00-see Figs. 2, 4, 6 ). It should be noted that the changes in the available porosity with the progressive rise of separation spacing are limited to the extreme cases in Fig. 2 . In order to characterize the systems the following parameters are defined: Dl tube is the effective distance between tubes and l box is the size of the simulation box . Bundles were generated basing on triple-walled tube obtained from structures (72,0), (64,0) and (56,0). We limited the number of investigated walls to three due to the simplification of the theoretical calculations. On the other hand, it is well-known that the consideration of higher number of walls is unnecessary from theoretical point of view and this simplification significantly reduces the time of simulations .
Nitrogen adsorption isotherms (77.3 K) were simulated using the classical Grand Canonical Monte Carlo method. The cubicoid simulation boxes with a tube placed in a box centre (along z axis) having dimensions l box 9 l box 9 4.23 nm were applied. For series A and Series B l box is equal to 40 nm for all systems in contrary to series C and Series D, where l box is the function of Dl tube . Periodic boundary conditions were used in all three directions, and the internal space of a tube was assumed as inaccessible for adsorbed molecules. For each adsorption point 25Á10 6 iterations were performed during the equilibration, and next 25Á10 6 equilibrium ones, applied for the calculation of the averages (one iteration = an attempt to change the state of the system by creation, annihilation, rotation or displacement). The probability of attempts of changing a system state by creation, annihilation, and rotation and displacement (the latter one is connected with the change in angular orientation) were equal to: 1/3, 1/3, 1/6 and 1/6.
Results
In order to evaluate the change of the pore space between nanotubes forming bundles and the mutual orientation of CNTs the investigated adsorbent was compressed using hydraulic press. Figure 1 shows the results of nitrogen adsorption isotherms measured for A-1 series without or under compression. From the analysis of this figure one can easily observe the progressive decrease in maximum adsorption (for p/p s & 1), i.e. the decrease in total pore volume under compression, but at the same time, no remarkable changes in the adsorption for monolayer (i.e. at the B-point) are observed. Consequently, the values of apparent surface area were change insignificantly (i.e. 446 m 2 /g (A-1), 448 m 2 /g (A-1-200), 443 m 2 /g (A-1-500), 450 m 2 /g (A-1-600)) confirming the mentioned above observations. Taking into account adsorption/desorption data the values of hysteresis loop area were calculated via numerical integration. Final results are collected in Fig. 1 . From the analysis of the relationship between the mentioned above area and hydraulic pressure it is seen that the area decreases with increasing compacting pressure. Summing up, the compression of CNTs leads the change of mesoporosity and does not influence on the monolayer region of adsorption isotherm. The behavior of adsorption isotherms under compression can be explained basing on the GCMC simulation results (Figs. 3, 4) . For the case of osculating nanotubes (A_0.00, B_0.00, C_0.00, and D_0.00,-dashed lines in Figs. 3, 4) we observe the decrease in the B-point value on simulated isotherm since the places of the contacts of nanotubes are inaccessible for molecules (lower adsorption). In the case of more separated tubes, i.e. A_0.34, B_0.34, C_0.40, and D_0.40 (in comparison with A_0.00, B_0.00, C_0.00, and D_0.00, respectively) one can observe the significantly different values of adsorption for fixed values of relative pressure in the range of low p/p s (dashed lines in Figs. 3, 4) -this behavior is different in comparison with experimental results (Fig. 1) . On the other hand, from the analysis of adsorption isotherms related to A_0.68, B_0.68, C_0.70, and D_0.70 (dashed lines in Figs. 3, 4) it is seen that various values of B-point are also observed comparing to the isolated tubes (treated as reference system), in spite of the similarity of the respective curves for low values of relative pressures. The B-point remains the same and we only observe the decrease in the volume of pores and the vanishing of the phase change for large values of Dl tube (i.e. for A_1.36 and B_1.36 (Fig. 3) or C_1.50 and D_1.50 (Fig. 4) and for more separated tubessolid lined in both figures). Moreover, the values of adsorption (the range of adsorption isotherm before pore filling) on isolated CNT are the same as on the mentioned above bundles. Summing up, the progressive approaching of CNTs from the distance equal to 3.06 nm (or 3.50 nm) down to 1.36 nm (or 1.50 nm) leads to the same effect as observed on experimental isotherms for A-1 adsorbents (Figs. 1, 3b, d, 4b, d) .
From the analysis of experimental and theoretical isotherms at the low coverages it is seen the significant differences between both techniques. Measured densities at low pressure-coverage range, (inset of Fig. 1 ) exhibit a layering step associated with the monolayer formation. This is a crystallinity evidence of the nanotube sample. However, the same monolayer transition is clearly steeper in simulations (insets of Figs. 3, 4-low pressure range and Fig. 5 Snapshots showing the configurations of adsorbed nitrogen molecules for selected relative pressures on the triplewalled carbon nanotubesseries B (we only show central part of a simulation box, molecules adsorbed in monolayer are marked in blue and in higher layers as red, note that nanotubes are drawn in the simulation boxes as line to guide the eye) adequate interstitial distances) showing that the investigated models are much more homogeneous than the real solid. This mismatch, which is expected, demonstrates the heterogeneity (structural or energetic) of the nanotube sample. These features cannot be captured by simplified models (the CNTs have smooth surfaces and are perfectly parallel and aligned inside the bundles, leaving equally sized interstices) and therefore at low capacities, where solid-fluid interactions prevail, simulated isotherms fail to describe the experimental adsorption behavior. On the other hand, the comparison of experimental data at low pressure-coverage range (Fig. 1) shows that the similarity of the curves. The same results can be observed for isotherms calculated on the basis of computer simulations (Figs. 3, 4) . Summing up, one can concluded that increasing the compacting pressure on the commercial sample don not change the crystallinity of the studied samples. It should be pointed out that we are interested in adsorption data for high relative pressures (the mesopore region) where the influence of the mentioned above heterogeneity is negligible small. The next problem is the comparison of simulated adsorption isotherms with experimental ones. As it was expected these values are not expected to coincide (as it strongly depends on how many CNT layers one is using, the diameters (number of walls) of CNTs are dispersed, our model is very simple), however, the qualitative similarity between experimental isotherms and theoretical calculations is observed.
In order to visualize the mechanism of nitrogen adsorption the monolayer was separated from adsorption isotherms, assuming that nitrogen atoms is in the monolayer if the distance between carbon and N 2 atoms is smaller than the critical value, r crit,mono . As mentioned by Birkett and Do (2007) and Cascarini de Torre et al. (1996) proper choosing of this value is not a simple task, especially, for the disordered adsorbents and for molecules composed of two or more atoms. In this study the critical values were chosen based on the observation of special animations of adsorption with marked atoms in the monolayer. It should be noted that Figs. 2, 5 and 6 (showing the snapshots) were created using the VMD program (Humphrey et al. 1996) . The value of the critical r crit,mono for N 2 -C systems was found empirically as equal to 0.45 nm. It is well-known that in the case of osculating CNTs three stages for nitrogen adsorption can be observed for closed nanotubes: adsorption in corners between tubes, creation of monolayer on the pore walls and finally condensation (Figs. 5, 6 ). The increase in the distance between nanotubes makes it possible to create full layers on outer surface of nanotubes (and the absence of adsorption in ''corners''). For larger distance between tubes (A_0.68, B_0.68, C_0.70, and D_0.70) two layers of N 2 are created at the narrowest fragment between tubes. Here the creation of monolayer on the walls of tubes is accompanied by a partial condensation (A_1.02, B_1.02, C_1.00, D_1.00, A_1.36, B_1.36, C_1.50, and D_1.50). Finally, the complete filling of the main channels between tubes is detected. Further rise in the distance between nanotubes leads, in the case of closed tubes, to the appearance of condensation for higher values of relative pressure. Thus, the existence of monolayer on all nanotubes guarantees the similarity of the mechanism of adsorption for the region of adsorption isotherm related to B-point. Summing up, obtained results (shown in Figs 5, 6 ) demonstrate that isolated nanotubes under compression approach one to the other, and confirm our idea about the importance of isolated nanotubes in ''architecture'' of the bundle.
Conclusions
Low temperature nitrogen adsorption isotherm data measured at typical temperature (77.3 K) were used for analysis of porosity of nanotubes. The essential role of isolated nanotubes was confirmed by the results of N 2 adsorption and the progressive changes in the shapes of adsorptiondesorption isotherms measured for the tubes under compression. In order to verify this hypothesis, GCMC simulations of N 2 adsorption on isolated or bundled multiwalled closed nanotubes (four models of bundles) were discussed. Using simple geometric considerations (i.e. the decrease of the distance between two opposite tubes) we showed that the similar behaviour of theoretical and experimental adsorption isotherm (the monolayer region of these curves) is observed for the assumption of the isolation of nanotubes. In the other words the separated CNTs play more important role in bundle architecture as it has been assumed till now.
It should be pointed out that this type of study will be continued in future for nanotubes characterizing by lower and higher values of outer diameters and for other carbonaceous materials.
